Elemental Concentration in Serpentinitic Soils over Ultramafic Bedrock in Sierra Bermeja (Southern Spain) by Romero-Freire, Ana et al.
minerals
Article
Elemental Concentration in Serpentinitic Soils over
Ultramafic Bedrock in Sierra Bermeja
(Southern Spain)
Ana Romero-Freire 1,2,* , José Antonio Olmedo-Cobo 3 and José Gómez-Zotano 3
1 Departamento de Edafología y Química Agrícola, Facultad de Ciencias, Universidad de Granada (UGR),
18071 Granada, Spain
2 Departamento de Oceanografía, Grupo Bioxeoquímica Mariña, Instituto de Investigación
Mariñas (IIM-CSIC), 36208 Vigo, Spain
3 Departamento de Análisis Geográfico Regional y Geografía Física, Facultad de Filosofía y Letras,
Universidad de Granada (UGR), 18011 Granada, Spain; jaolmedo@ugr.es (J.A.O.-C.);
jgzotano@ugr.es (J.G.-Z.)
* Correspondence: anaromero@iim.csic.es
Received: 29 August 2018; Accepted: 9 October 2018; Published: 12 October 2018


Abstract: Although the presence of potentially toxic metals in soils is normally associated with
human soil pollution, these elements also appear naturally in environments in which the lithological
base contains ultramafic rocks such as peridotites. Serpentinitic soils tend to develop on substrates
of this kind, often containing metals with few or no known biological functions, which in some
cases are toxic for most plants. This study assessed the level of potentially toxic metals and other
elements in an endorheic basin discovered in Sierra Bermeja (Southern Spain), one of the largest
peridotite outcrops on Earth. In this location—of particular interest given that basins of this kind
are very rare on peridotites—six geomorphoedaphic sub-units on three different substrates were
identified. The distribution of microelements in these sub-units was analyzed, and stratified random
sampling was performed to identify the major ions with essential functions for living organisms and
the potentially toxic metals. The lowest values for macronutrients appeared in the soils formed on
ultramafic materials. When analyzing the load of potentially toxic metals, no significant differences
were detected between the soils formed on serpentinite and peridotite substrates, although different
values were obtained in the soils formed over acidic rocks.
Keywords: ultramafic rocks; Mediterranean peridotites; serpentinite; potentially toxic metals;
geomorphoedaphic units; Sierra Bermeja
1. Introduction
Although peridotite rocks appear all over the world and represent about 13% of global geological
substrates [1,2], they are often regarded as one of the most peculiar rock types on Earth because
of their chemical composition [3]. Nowadays, soil contamination by metals is a matter of great
concern worldwide [4–6], and is usually the result of human activities, as observed for example by
References [7–10]. However, some of the potentially toxic metals in soils are of natural origin and
are produced by both mechanical and chemical weathering of the original serpentinite. The soil
that forms above this material has a high content in some of the microelements that influence its
formation [2,11]. Specifically, serpentinitic soils formed on peridotite rocks are often of ecological
importance due to the fact that they typically have low calcium-to-magnesium ratios, low nutrient
levels (phosphorus, nitrogen and potassium), and high levels of potentially toxic metals (PTM),
such as nickel, chromium, iron and cobalt [12,13], often in association with other major elements
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(Al, Mg, Fe . . . ) [14,15]. The serpentinitic soils that form on peridotites are usually rich in Ni, Co,
Cr, Fe, Mn, Zn, and Cu, and generally have a much higher content of these metals than nearby
soils on different substrates [16–18]. The most important metal pools in soils include exchangeable
and organically bound metals, metals associated with Mn and Fe-oxides, and metals inside mineral
structures [4]. Another problem is that ultramafic soils are generally deficient in essential plant mineral
nutrients and major cations [19]. Although some metals are considered to be essential micronutrients
for living organisms, in large amounts they can be biologically toxic [14]. This infrequent (peridotites
are rarely found on Earth) combination of metals produces a similar unusual biological component in
the soils formed over those rocks, which in turn leads to the emergence of a large number of endemic
species especially adapted to the toxic elements [20–22]. As a result, ultramafic areas have become a
high priority for biodiversity and ecosystem conservation [19,23].
The recent discovery of an undisturbed ultramafic depression in Sierra Bermeja (Betic Cordillera,
Southern Spain) has provided a new natural laboratory, free of anthropogenic influence, in which the
relationship between surface modeling and the potentially toxic metal load in the resulting soils can be
studied. This is especially interesting given the exceptional nature of this type of geomorphological
environment within ultramafic outcrops under Mediterranean conditions. Although little research has
so far been done on this question in the Mediterranean basin [24] and in other parts of the world [25,26],
researches in this endorheic area could provide interesting insights into geochemical and soil formation
processes on peridotite rocks at a local scale. For example, the residence time of elements normally
depends on the climate and can vary greatly from one place to another [27], however in an endorheic
area, metal migration is much more limited, which means that the primary mineral composition plays
an essential role in soil formation.
The aim of this research is to provide data about major and microelements present in undisturbed
mountain soils located in an endorheic area, recently discovered by the authors in the Sierra Bermeja
ultramafic massif and relate them to the different substrates, and the resulting morphologies observed.
Element background concentrations will allow us to obtain a better understanding of the geochemical
process of soil formation above this rock material. The fact that this area belongs to the Nature
2000 network and is therefore considered a valuable European habitat, is another reason why it is of
great interest for researchers.
2. Materials and Methods
Study area. The study area is located in Sierra Bermeja, a mountain range that forms part of the
western end of the Betic Cordillera (Southern Spain) (Figure 1 top left). It is a coastal massif of medium
altitude (1508 masl, Cerro Abanto) which covers an area of 300 km2, making it one of the largest
peridotite outcrops on the planet [28]. The specific location of the study is an endorheic basin, recently
discovered by the authors, situated near the line of peaks of the Sierra Palmitera, a mountainous
pyramidal extension of the main massif with orientation N to S, at an altitude of between 1432 and
1364 masl, (36◦35′53′′ N, 5◦03′21′′ W) (Figure 1 right).
The study area has a Mediterranean climate typical of medium-altitude coastal mountains, where
its altitude and closeness to the Mediterranean Sea play a crucial role [29]. The altitude factor means
that it has quite high annual precipitation levels for the Mediterranean region (>1000 mm/year) and
mild average temperatures (an estimated 11 ◦C in the study area). The coastal influence, associated
with the peculiar wind regime in the Strait of Gibraltar, gives the climate a semi-oceanic character [30],
in which cryptoprecipitation (associated with frequent orographic clouds in the summer in this coastal
region) plays an important role. In this context and considering the available climate data, it was
estimated that there was an inferior supramediterranean bioclimatic level above about 1200 masl,
which developed under a lower humid ombrotype [29].
In biogeographical terms, and in accordance with the sectorization of the Betic chorological
province proposed by Reference [31], the Sierra Bermeja range belongs to the Bermejense district of
the Rondeño sector. In this range, there are two large forest domains, the edapho-xerophile pine
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forests of Pinus pinaster, to which the study area belongs, and the climatophile fir forests of Abies
pinsapo. The dominant vegetation in the endorheic basin today is characterized by the development
of two clearly distinguishable bush and brush formations, which appear over the granite materials
and peridotite substrates, respectively [29,32]. Firstly, there is a small copse of Quercus rotundifolia
bushes—a relict species in Sierra Bermeja—on the leucogranites, whilst on the peridotites there are
different facies of scrubland made up above all of Cistus ladanifer, C. populifolius, and C. salvifolius and
of Genista lanuginosa and Ulex baeticus. Lastly, there is a field of annual grasses (Poa, Trifolium, Festuca,
Asphodelus, etc.) which grow on the regosol type soil at the bottom of the basin. This soil formation is
boosted by the edaphic nitrification provided by local fauna (above all wild boar, Sus scrofa), and the
occasional presence of livestock. Paleo-populations of Abies pinsapo were also discovered in this
area [33].
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for the identification of the study area. These photographs, which were obtained fro the ational
Geographic Institute of Spain [34], ere taken in 2012 near the line of peaks of Sierra Pal itera in the
Sierra Ber eja assif. Given that the existing topographic cartography did not show the presence of a
depression, we revisited the place several times between 2013 and 2017 to corroborate the existence of
the endorheic basin. Detailed mapping was carried out using a Geographic Information System (GIS),
and using the most recent aerial photographs (date of flight 07-2013) and an altimetric vector layer with
an equidistance of 2 m obtained from the digital terrain model of Spain. These materials are available
at the cartographic repository of the National Geographic Institute of Spain [34]. This topographic
cartography presents a graphic output of altimetric isolines with an equidistance of 5 m, taken fro
the digital terrain model of Spain.
The geo orphoedaphic analysis as carried out co bining field ork and photointerpretation,
hich allo ed us to identify, characterize, and ap (scale 1:5000) the ain geofor s and their
corresponding soil units (Figure 1 right). The general geological infor ation as taken fro the
existing bibliography and the Geological Map of Spain (scale 1:50,000) [35]. With this information and
on-site observations, we established the lithological composition, structure, and disposition of the
different rock units and the corresponding soil types.
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Sampling and chemical analyses. The selection of soil samples in the field was based on the
parent material and the area accessibility of the six sub-units identified. Stratified random sampling
was performed in each of these six units. After removing the Ah horizon, soil samples from the surface
horizons below (<20 cm) were collected and georeferenced. In some cases, the difficult access to the
area prevented us from taking paired samples. Even so, samples were taken from at least 3 points in
each unit.
The soil samples were air-dried at 25 ◦C and sieved (2-mm mesh). The pH (soil:water ratio 1:2.5)
and electrical conductivity (EC) (soil:water ratio 1:5) were analysed according to standard methods [36].
The total concentration of microelements and other soil constituents was analysed in the laboratory by
PXRF with a portable X-ray fluorescence analyser NITON XLt 792, with a 40 kV X-ray tube containing
an Ag anode target excitation source, and a Silicon PIN-diode [37]. The following elements were
obtained in mg kg−1: Ca, Co, Cr, Cu, Fe, K, Mn, Ni, Zn, and Sr. The selected testing time for each lamp
was 120 s. As a standard reference, nine replicates of Certified Reference Soil Material (CRM052-050)
were also measured by PXRF, according to Reference [38]. Recoveries of all studied elements were
89 ± 19% (average ± standard deviation).
Statistical analyses. Descriptive statistics of the units were calculated to check their normality
(individual histogram, mean, median, minimum, maximum, and quartiles), and Levene’s test was
conducted to check the homogeneity of variances. Significant differences were determined by ANOVA
(Tukey’s test). The microelements with significant differences were represented by untransformed
boxplots. The SPSS 20.0 software package (SPSS, Chicago, IL, USA) was used in these statistical
analyses of the dataset. The relative distribution of the microelements in the different sub-units was
obtained by non-metric multidimensional scaling (NMDS) and the Pearson correlation. Simple
regression analyses were performed using the R statistical package 3.2.5 (R Development Core
Team 2016). For the statistical analysis all replicates were used (n = 27), and the statistical significance
level was 0.05 in all cases.
3. Results and Discussion
3.1. Geomorphoedaphic Division of the Study Area
The endorheic basin has an area of 0.3 km2. It has an NW-SE orientation and an altitudinal
gradient of 68 m, reaching 1432 masl at the highest point and 1364 masl at its bottom. The slopes range
from flat and moderately steep to steep.
In this basin, which is exceptional in geomorphological terms in all the peridotite outcrops in
Southern Spain, three lithological units were identified: Peridotites (lherzolites with plagioclase and
harzburgites partially serpentinized by metamorphic process), Serpentinites, and Leucogranites.
Although it has been impossible to establish the age of these materials based on the existing
bibliography, according to Reference [39], it is considered that the Sierra Bermeja mountain complex
has an age of 22 Ma. These rock complexes have given rise to clearly differentiable modelling units in
the endorheic basin, for which we identified 6 geomorphoedaphic sub-units, as shown in Figure 1,
right: The bottom of the endorheic basin (clays, regosol–S1), disordered rock blocks (“chaos of blocks”)
on peridotites (hazburgites, leptosol–S2), a granitoid dyke (leucogranites, leptosol–S3), rocky and
eroded slopes on peridotites (lherzolites, leptosol–S4), a col (serpentinites, leptosol–S5), and notched
ridges on peridotites (hazburgites, leptosol–S6). The most important geophysical characteristics of
these sub-units are set out in Table 1.
On the one hand, the peridotite outcrop (64.9% of the area of the basin) was characterized by the
presence of diverse geoforms, i.e., the lherzolitas produce stony eroded slopes (unit S4), while notched
crests and a chaos of large heterometric blocks were formed over the harzburgites with the longest
axis of up to 8–10 m (units S2 and S6). In addition and coinciding with a fault which crosses the basin
in a NW-SE direction, the facies of harzburgites appeared more serpentinized. Chrysotile (asbestos)
appears frequently aligned around the axis of the fault, which is resolved in the drainage divide
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through the formation of a col (unit S5). The geomorphological differences between peridotites and
serpentinites coincided with those detected by Reference [40]. The frequent rocky outcrops showed
abundant quantities of joint sets, characteristic of these ultramafic rocks. Together with the fault
network, this explains the strong fracturing of the rock and the large colluviums that have developed
on the edge of the basin. The reddish crust of serpentinite, generated by the peridotite altered by
atmospheric agents, has a high iron oxide load and covers the original green of the rock across the
outcrop. This atmospheric serpentinization also affects the micro-modelling of the rock (serpentinitic
microkarst), which appears to be standing on end due to the bright angular crystals of the pyroxenes,
which are more resistant to erosion.














bottom 3 Clays 1110 1368–1364 Southeast
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Dystric
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Lastly, a granitoid dyke acidic vein intrusion composed of quartz-feldspar (leucogranites, unit S3)
occupied 33.3% of the study area, and obliquely cuts the foliation and the banded formation of the
peridotites in a NW-SE direction, just like the other vertical veins of acidic rocks from Sierra Bermeja,
coinciding with the large breaks in the ultramafic outcrop [41]. The rock outcrops on the surface and is
characterized by its hardness, pure white color, and external appearance of fine-to-coarse grain granite.
A small flat area measuring 1100 m2 (1.8% of the total area, unit S1) has formed at the bottom
of the depression due to the accumulation of clay material. Despite the fact that there is no drainage,
the surface showed no signs of saturation (cracked earth or grey soil horizon, hygrophilous vegetation),
which reinforces the hypothesis about a bed of colluvial origin that makes water infiltration easier.
The surface analysis of the structure and the morphology of the deposit sealing the bottom of the
basin would seem to rule out a glacial origin (terminal moraine), as evidence of periglaciation has
only been found at about 800–1000 masl in coastal limestone massifs near Sierra Bermeja (periglacial
kartstogenesis, deposits of grèzes litées, breccias, scree, and éboulis) [42]. The homogeneity of the rocky
material (leucogranites) and the absence of peridotites, despite the outcrops upstream, were signs
that the deposit has been transported over a very short distance. Similar results can be obtained from
detailed observation of the morphology of the clasts, with sharp edges and no evidence of wear. Lastly,
the possibility that the origin of the basin was related with the karstification processes that affected
other ultramafic areas with a tropical-subtropical climate during the mid-Miocene cannot be ruled
out [24].
In addition to the morphological consequences arising from its particular lithology and its unusual
endorheic nature, given the proven impermeability of ultramafic rocks [43], the main physiographical
features of the basin resulted from a feature of structural origin. Specifically, a network of listric faults
that cross the basin in a NW-SE direction and generate successive steps and flats which run downwards
from North to South. The last of these, due to an intersection of the fault system and in accordance
with the observations made during this research, forms a depression which is closed by the intruded
dyke in the peridotites, which obstructs its drainage via a series of colluviums.
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3.2. Soil Characterization on the Different Geomorphological Units
The unique environmental conditions in the study area favor unusual geochemical processes of
rock weathering and soil genesis [29]; the weathering of serpentine minerals from peridotite rocks
leads to the formation of serpentinitic soils of little potential, in which leptosol soil types dominate
(Figure 2); whilst other regosol types are only found in the colluvial area at the bottom of the basin
(unit S1). The first group of soils extends widely across the slopes of the depression and has developed
both on leucogranites (unit S3) and on the two facies of peridotites identified (hazburgites on units
S2 and S6, and lherzolites on unit S4), as well as on the col formed on serpentinites that makes up
unit S5 (see Table 1). The external erosion processes (enhanced by an irregular precipitation regime
with occasional torrential downpours), consolidated material, and steep slopes all contribute to the
constant rejuvenation of the soil despite the dense vegetation. Three types of leptosols were identified:
Lithic, Eutric, and Mollic. These typologies have various common features: An absence of carbonates,
rockiness, and lateral discontinuities caused by numerous outcrops. The lithic leptosols are normally
no more than 10 cm deep and appear on the surfaces most affected by erosion (unit S2). In the other
positions, eutric leptosols appeared when they reached depths of 30 cm (units S4, S5, and S6). In the
most sheltered areas with the densest vegetation (the holm-oak wood on leucogranites, unit S3),
leptosols can develop with a mollic epipedon of less than 30 cm. The regosols for their part appeared
at the bottom of the basin on unconsolidated material (unit S1) of colluvial origin, with more than 20%
of fine earth within the 50 cm closest to the surface. In the profile obtained when taking the samples,
we observed that this soil evolved from the formation of heterometric granulite stones (longest axis
measuring 6–60 cm) embedded in a red clayey matrix. They have an ochric epipedon in which no
diagnostic horizons can be distinguished. The acidic pH (Table 2) categorizes this soil as dystric [44].
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Figure 2. Graphic representation of prevailing soil types in the study area.
The chemical composition and the main properties of a particular soil depend upon the geological
material from which it derived [5]. Serpentine soil profiles usually have neutral to sub-alkaline pH,
which increases in line with depth. The acidic pH value found at some sites could be due to rock
weathering [45,46]. The data obtained from the surface surveys (Table 2) show increasing levels of
pH from the bottom of the basin (S1–S3) up to its outer limits on peridotites characterized by basic
pH levels. The pH values in S5 and S6 (col on serpentinites and hazburgite facies in ridge formation)
were around 7, a typical value for slightly basic-neutral soils. However, the high precipitation rates in
the bioclimatic level in that area helped to wash the soils, thereby increasing the acid level. The most
acidic values, of around six, appeared on the clays at the bottom of the basin and in the leucogranites
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(units S1 and S3, respectively). Soil samples showed low electrical conductivity values, with no marked
differences between them, which indicates that they were not saline (EC < 0.2 dS m−1).
Table 2. Mean values for pH, electric conductivity, concentration of major elements (Ca, K, Fe), and ratio
Sr:Ca for the six sampling sub-units (S1–S6) ±STD and minimum and maximum values (min-max).
Letters on the right of numbers mean significant differences between samples (Tukey, p < 0.05).
Geomorphoedaphic
pH
EC Ca K Fe Sr:Ca
Sub-Unit dS m−1 mg kg−1
S1 6.05 ± 0.12 0.08 ± 0.01 13,000 ± 2400 bc 8360 ± 1217 bc 73817 ± 32704 bc 0.0036 ± 0.0011
(n = 3) (5.96–6.18) (0.07–0.12) (10,600–15,400) (7144–9577) (42,612–107,838)
S2 6.31 ± 0.32 0.13 ± 0.04 14,733 ± 4362 bc 4501 ± 904 ab 65,544 ± 13,036 abc 0.0010 ± 0.0002
(n = 3) (5.98–6.62) (0.08–0.15) (10,200–18,900) (3794–5519) (54316–79,841)
S3 6.01 ± 0.12 0.08 ± 0.01 5434 ± 4899 a 11,012 ± 3945 c 36,213 ± 10,299 a 0.0503 ± 0.0568
(n = 7) (5.8–6.1) (0.07–0.09) (525–12,200) (6882–18,700) (25,300–54,807)
S4 6.39 ± 0.13 0.08 ± 0.01 16,920 ± 3144 b 6053 ± 2380 ab 95,726 ± 22,956 c 0.0009 ± 0.00042
(n = 5) (6.21–6.51) (0.06–0.09) (12,900–21,700) (3154–9745) (65,932–126,300)
S5 7.12 ± 0.23 0.08 ± 0.01 8376 ± 844 ab 2614 ± 617 a 58408 ± 6042 ab 0.0009 ± 0.000317
(n = 6) (6.84–7.39) (0.06–0.10) (6848–9312) (1929–3742) (50,190–66,382)
S6 6.79 ± 0.22 0.08 ± 0.01 9337 ± 1632 ab 3966 ± 591 ab 81,651 ± 14,508 bc 0.0013 ± 0.00033
(n = 5) (6.53–7.09) (0.06–0.09) (7896–12,000) (3297–4904) (62,197–96,051)
X-ray fluorescence analyser equipment was used to measure the microelements in the soils. Only
3 elements with essential functions for living organisms were identified (Fe, Ca, and K). Calcium
ranged from 5434 (S3) to 16,920 (S4); K from 2614 (S5) to 11,012 (S3), and Fe from 36,123 (S3) to 95,726
(S4) mg kg−1. Tukey’s test (p < 0.05) showed significant differences among the soil samples for all
three elements. According to soil types, sample S1, more evolved soil (regosol), showed generally high
concentrations of Ca, K, and Fe, although without extreme differences compared to the other soils
(leptosols). Soil sample S3, formed above granitoid material, showed the lowest Ca and Fe content,
and the highest in K, even though the leptosols, due their poor edaphic maturity, have poor K levels [47].
These high values of K in S3, suggested the existence of particle transport from the granitic soil nearby,
given the K levels in ultramafic rocks from mantle are usually below 1000 ppm and these lower
concentrations were reported before in the Serranía de Ronda (where Sierra Bermeja belongs) [48].
The K levels in S3 were higher than in the regosol in S1. The lowest K levels, with significantly
lower values than the other samples, appeared in S5 (soil above serpentinites). These low levels of
macronutrients, such as K, are as expected in this type of soil [49]. The highest concentrations of Ca (and
Fe) appeared in the leptosol in S4, above lherzolites, a material generally formed by groups of olivine
and pyroxene. According to Reference [40], because Ca is generally lost in the serpentinization process,
serpentinitic parent material (S5) has less calcium than peridotite parent materials. For Fe, although
statistically significant differences were found between the different soil samples (Table 2) (highest
content in S4 and lowest in S3), the values obtained were within the typical iron concentration range
reported in soil, i.e., from 20,000 to 550,000 mg kg−1 [50]. The soils that developed from peridotites
with a different mineralogical composition are always rich in ferromagnesian elements, which are
responsible for their strong, characteristic red color, and the fersialitization process gives rise to newly
formed clays from the olivine and other accidental minerals [51]. Reference [40] also found that these
types of peridotite soil are redder than serpentinitic soils, because peridotite has more Fe (Table 2).
The Sr content was also measured, given that during soil formation Ca may be replaced by Sr in
carbonate minerals [52]. The next step was to calculate the Sr:Ca ratio. Background concentrations
of Sr varied from one soil unit to the other, but concentrations were less than 60 mg kg−1 in all
units. The Sr:Ca ratio should be higher in carbonate materials than in calcareous ones. This suggests
that replacement of Ca by Sr occurs much more readily in igneous rocks than in sediments, such as
carbonate rocks [53]. In the samples we analyzed, the highest Sr:Ca ratio was in S3, followed by
S1 (14-folder lower), whereas soil samples above peridotites showed similar lower ratios (<0.013).
This implied that Sr was more easily substituted by Ca in S3 [3].
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3.3. Potentially Toxic Metals and the Distribution of Microelements in Study Sub-Units
The soils formed on top of ultramafic rock are characterized by a high content of potentially toxic
metals. These metals are either toxic and/or have no known biological function, or can be detrimental
for living organisms above certain concentrations, such as Cr, Ni, Co, and Cu. These soils also have
exceptionally limited supplies of nutrients essential for biological colonization, as can be seen from
the analysis of the low K concentrations in certain sampled units, and in general have a strongly
xerophile character with a high propensity to erosion meaning they tend to generate weakly developed
soils [51,54–56].
Figure 3 shows the potentially toxic metals (PTM) for which there were significant differences
amongst the studied samples. Using Tukey’s test (p < 0.05), results showed that the background
concentration of the PTM differed significantly for the 6 studied units.
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In general, the soil formed on granitic material (S3) of acidic dyke showed the lowest Cr, Ni, Co,
Mn, Cu, and Ca concentrations, a d also the lower values of Fe, which is l gical consid ring that the
rest of the units were peridotites (Fe-rich rocks), as observed in previou research by R ference [57].
Only for K a d Zn, the concentrations found in S3 were higher than thos obtained on ultramafic
rocks, which were relatively low in these elements. The soil formed on scattered fragments in the
basin (S1) had a more heterogeneous mineralogical composition due to the influ nce of the two rocky
complexes with interm diate value of Co, Cr, and Ni, and the highest co centrati ns of Mn, Zn,
and Cu. These units (S3 and S1) had the m st acidic pHs. As soil pH decreases, Zn adsorption becomes
more significant in soils with cidic pH ( round 5–6.5), while Cu is l s mobile and less sensitiv
to changes in soil pH than Zn. Relative adsorption also appears in acidic conditio s [58]. The oxide
content is the most significa t par meter in Cu adsorption in soils [59].
Ultramafic r ck typically h ve a high Fe content [32], alth ugh to the contrary, on a study done
by Reference [49], they extracted soil solutions in similar environments with DTPA and they observed
low cont t of Fe in th obtained solutions mainly because f higher pH values and competition
fr m Ni and Co, as well as low levels of macronutrients such as K [49]. All th e characteristics were
observed in the soils formed on peridotite mate ial (S2, S4 and S6) and in t serpentinitic soil (S5).
Of the soils formed on peri otite, unit S4 showed the highest Cr and Ni contents, with significant
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differences compared to S2 and S6. There were no significant differences between the PTM content in
Unit S5 (soil formed on serpentinitic materials) and that observed for ultramafic soil. In one case (Cu),
it had lower values.
In accordance with current legislation applicable in the study area [60], only the Ni contents
observed in the samples formed on peridotites showed higher values than the maximum concentrations
permitted for areas not designated for urban or industrial use (maximum value: 1530 mg kg−1),
with averages of up to 3011 (S4). However, the Cr values were also high, more than the 2980 mg kg−1
identified by Reference [47] in Sierra Bermeja, and values of up to 1574 mg kg−1 measured in soils
formed on ultramafic rocks in northern Portugal [4]. These high values will have a dramatic influence
on the existing vegetation made up of plants that are resistant to (or hyper-accumulators of) these
elements, as identified in previous research in nearby areas by Reference [61].
The relation between the concentrations of the microelements in the studied soils and
their corresponding units was investigated using Pearson correlations (Table 3) and non-metric
multidimensional scaling (NMDS) ordination analysis (Figure 4). The Pearson correlations showed
that the PTM (Co, Ni, Cr, and Mn) were directly correlated with each other and with Fe and Ca. Co,
Ni, and Cr were directly correlated with pH and inversely with Zn, K, and Sr. According to the NMDS
results represented in Figure 4, units S1 and S3 were randomly distributed but on the opposite side
to the PTM, whereas the soils formed on peridotite had a similar distribution of metals with a direct
correlation to PTM concentration. The findings for the serpentinitic soil (S5) were also of interest,
in that it was inversely correlated with K and Zn, although no significant differences were observed
for Zn compared to the other units. Therefore, the high concentrations observed for Co, Ni, and Cr in
the soils formed on peridotites (units S2, S4 and S6) and on serpentinitic pedons (S5) must be taken
into consideration for the identification of possible endemic species in the study area.
In previous research in Sierra Bermeja, Reference [15] identified various subserpentinophyte
species, such as Genista lanuginosa and Cistus ladanifer, that had adapted well to serpentinitic soils due to
the fact that they normally grow on acidified soils; in other words, soils with low Ca concentrations [62].
This is another reason for an in-depth study of these soils and their possible relationship with the
appearance of certain plant species in the ultramafic endorheic basin in Sierra Bermeja.
Table 3. Pearson correlation matrix between pH, major ions and potential toxic metals (PTM) in the
6 sub-units of study.
pH
Major Ions PTM
Fe Ca K Sr Cr Ni Co Mn Zn Cu
pH 1
Fe 1
Ca 0.525 ** 1
K −0.742 ** 1
Sr −0.698 ** −0.585 ** 0.645 ** 1
Cr 0.431 * 0.637 ** 0.617 ** −0.593 ** −0.658 ** 1
Ni 0.600 ** 0.863 ** 0.471 ** −0.715 ** −0.805 ** 0.734 ** 1
Co 0.418 * 0.831 ** 0.508 ** −0.580 ** −0.769 ** 0.802 ** 0.901 ** 1
Mn 0.889 ** 0.578 ** 0.484 ** 0.650 ** 0.601 ** 1
Zn −0.561 ** 0.610 ** 0.651 ** −0.458 * −0.556 ** −0.409 * 1
Cu 0.412 * 0.526 ** 1
Significance: * (p < 0.05); ** (p < 0.01).
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4. Conclusions
The recently discovered endorheic area in Sierra Bermeja (Betic Cordillera) is unique in
geomorphological terms in all the peridotite outcrops in Southern Spain. This undisturbed ultramafic
depression is key to understanding the relationship between surface modeling and the potentially
toxic metal load in the resulting soils. Three lithological units, i.e., peridotites, serpentinites,
and leucogranites, were identified in the study area, as well as six geomorphoedaphic sub-units:
the bottom of the endorheic basin, disordered rock blocks on peridotites, a granitoid dyke, rocky and
eroded slopes on peridotites, a col on serpentinites, and notched ridges on peridotites.
All these sub-units were characterized by the formation of weakly developed soils (mainly eutric
leptosols). Our analysis showed that the soils with the lowest values for macronutrients, such as
K and Ca, were those on ultramafic material. This is due to the loss of these elements during the
serpentinization process. However, the soil type formed directly on top of the serpentinites did not
show any significant differences in terms of its content in potentially toxic metals in comparison to
other soils developed on peridotites, although a change from a neutral to a slightly acidic pH was
detected. The potentially toxic metals (PTM) Co, Ni, and Cr tended to appear together and there
was a direct statistical correlation to this effect. These metals had a negative correlation with Sr, Zn,
and K, which are elements that act as macronutrients. The presence of these 3 major ions decreased as
pH increased (soil on serpentines). The primary mineral composition may affect the composition of
serpentinitic soil, which means that edaphic factors can have an important influence on soil biodiversity.
The very weak soil development and the high quantity of potentially toxic metals may both have
adverse effects on these systems, which means that an improved knowledge of metal and nutrient
distribution will be crucial for a better understanding of soil formation and the establishment of
vegetation on serpentinitic soils.
Future research in this area must focus on identifying the accumulation of elements, such as Ni
and Cr, due to their high concentrations in the vegetal stratum, so as to enable identification of species
that accumulate potentially toxic metals in a study area of enormous interest in the context of the
Nature 2000 network.
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